Objective: Obsessive-compulsive disorder (OCD) is a common, heritable neuropsychiatric disorder, hypothetically underpinned by dysconnectivity of largescale brain systems. The extent of white matter abnormalities in OCD is unknown, and the genetic basis of this disorder is poorly understood. The authors used diffusion tensor imaging, a magnetic resonance imaging technique, for examining white matter abnormalities in brain structure through quantification of water diffusion, to confirm whether white matter abnormalities exist in OCD. They also explored whether such abnormalities occur in healthy first-degree relatives of patients, indicating they may be endophenotypes representing increased genetic risk for OCD.
Method:
The authors used diffusion tensor imaging to measure fractional anisotropy of white matter in 30 patients with OCD, 30 unaffected first-degree relatives, and 30 matched healthy comparison subjects. Regions of significantly abnormal fractional anisotropy in patients in relation to healthy comparison subjects were identified by permutation tests. The authors assessed whether these abnormalities were also evident in the first-degree relatives. A secondary region-of-interest analysis was undertaken to assess the extent of replication between our data and previous relevant literature.
Results: Pa tie n ts w ith OCD de m onstrated significantly reduced fractional anisotropy in a large region of right inferior parietal white matter and significantly increased fractional anisotropy in a right medial frontal region. Relatives also exhibited significant abnormalities of fractional anisotropy in these regions.
Conclusions:
These findings indicate that OCD is associated with white matter abnormalities in parietal and frontal regions. Similar abnormalities in unaffected first-degree relatives suggest these may be white matter endophenotypes for OCD.
(Am J Psychiatry 2008; 165:1308-1315)
Obsessi ve-compulsive disorder (OCD) is a chronically debilitating neuropsychiatric disorder with 2%-3% population prevalence (1) . It comprises two symptom dimensions: obsessions, intrusive, recurrent thoughts often concerned with contamination and checking; and compulsions, repetitive behaviors performed in relation to obsessions, e.g., persistent hand washing. Symptoms are associated with considerable anxiety and socio-occupational dysfunction. There is evidence for the heritability of OCD from twin studies (2) , and OCD is approximately five times more frequent in first-degree relatives of patients compared with unrelated comparison subjects (3, 4) . However, the genetic basis of OCD is complex, polygenic, and not well understood in terms of specific genes.
Hence, suggestions for further research have included relative-proband paired experimental designs, aiming to elucidate similarities between OCD patients and their unaffected first-degree relatives (asymptomatic individuals with an increased genetic risk of OCD) (5) . The rationale for this strategy involves endophenotypes (intermediate phenotypes) (6) . These are heritable, quantitative traits associated with genetic risk for a disorder, i.e., they have abnormal values compared to the general population both in probands and their relatives. They are biologically tractable and hypothetically more proximal to genetic effects than clinical phenotypes and so may facilitate identification of specific genes predisposing to a disorder. For example, both OCD patients and their first-degree relatives show similar cognitive impairments on some executive tasks (7) . Cognitive abnormalities in response inhibition in OCD patients and their first-degree relatives are also associated with familial gray matter differences occurring in both patients and relatives (8) . Thus, there is evidence for cognitive and gray matter endophenotypes in OCD, but white matter endophenotypes have not been investigated. Neuroimaging measurements have particular potential as endophenotypes since healthy twin studies show that brain structure is highly heritable (9) .
Theoretical models of OCD, based on neuroimaging and primate studies defining frontal-striatal neural circuits (10) , suggest that pathophysiology lies within orbitofrontal-striatal circuits (5, 11) . Structural magnetic resonance
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ajp.psychiatryonline.org imaging (MRI) studies have mainly employed conventional case-control region-of-interest protocols to test this hypothesis. Despite study-to-study variation in anatomical landmarks used to define regions and the small group sizes typically employed, several studies have reported reduced orbitofrontal volume in OCD patients (12) (13) (14) . Although striatal volumetric changes are less consistent (15) , several studies have shown structural abnormalities (16, 17) . Studies employing whole-brain mapping techniques, e.g., voxel-based morphometry (18) (19) (20) (21) , provide support for this orbitofrontal-striatal model but, together with neuropsychological and functional neuroimaging findings, also indicate that OCD pathology involves regions outside these classically implicated circuits (22) . For example, parietal regions, including the angular and supramarginal gyri, have been reported as structurally abnormal in OCD (8, 18, 20) and functionally abnormal in positron emission tomography (PET) studies (23) (24) (25) , single photon emission computed tomography (SPECT) studies (26) , and functional MRI studies (27) .
Diffusion tensor imaging permits investigation of brain tissue microstructure, through quantification of water diffusion (28) . Water diffusion depends upon properties of the medium in which it occurs, so diffusion measurements in biological tissues are related to tissue architecture, e.g., cell walls, membranes, and particularly myelin (with its tightly packed concentric structure) restrict diffusion. Isotropy describes equal diffusivity in all directions, e.g., in CSF, where no cellular structures limit diffusion. Diffusion within gray matter is close to isotropic because structures reducing diffusivity occur with roughly equal prevalence in all directions. Conversely, in structures with a highly regularized directional organization, e.g., white matter tracts, diffusion is more anisotropic; the predominant direction is parallel to fiber direction, and diffusion is reduced perpendicularly.
Diffusion can be characterized by a second-order tensor: isotropic diffusion is represented by a spherical tensor, anisotropic diffusion by an ellipsoid (29) . Fractional anisotropy describes the nonsphericity of the tensor (30) . High fractional anisotropy indicates a nonspherical tensor with preferential orientation in a particular direction, such as within white matter tracts. Reduced fractional anisotropy, indicating more isotropic diffusion, has been found to be characteristic of damaged or disorganized white matter (31) .
Diffusion tensor imaging studies of OCD are few to date. Szeszko et al. (32) reported reduced fractional anisotropy in the cingulate, bilateral parietal, and left occipital areas. Cannistraro et al. (33) found increased fractional anisotropy in the left cingulate bundle and internal capsule and reduced fractional anisotropy in the right cingulate bundle. Findings from these studies warrant replication owing to small group sizes (N=8-15) and the risk of false positive error in the context of the multiple comparisons entailed by whole-brain computational morphometry.
We performed diffusion tensor imaging in OCD patients, their unaffected first-degree relatives, and unrelated healthy comparison subjects to investigate two key hypotheses: primarily to confirm whether white matter abnormalities occur in patients and secondarily to assess whether such abnormalities also exist in first-degree relatives, indicating they are markers of increased genetic risk for OCD. We hypothesized that there would be white matter abnormalities in patients, especially in previously identified areas, e.g., white matter adjacent to the anterior cingulate or parietal cortex, and, given the heritability of OCD and brain structure, these abnormalities would likely also be present in healthy first-degree relatives.
Method

Participants
The study group comprised 30 OCD patients, 30 unaffected first-degree relatives, and 30 comparison subjects, including 29 proband-relative pairs. The patients were recruited by a consultant psychiatrist (N.F.) from an outpatient service and fulfilled DSM-IV criteria for a diagnosis of OCD (American Psychiatric Association, 1994). A clinical screening process was employed to minimize comorbidity and symptom heterogeneity in patients, since varying symptom profiles in subgroups of OCD patients may have different underlying neural correlates (27, 34) . Patients with washing or checking symptoms, without hoarding or motor tics, were selected by clinical interview with the Yale-Brown Obsessive Compulsive Scale symptom checklist (35), a well-validated screening instrument.
The patients gave consent for a first-degree relative to be contacted (preferably a similarly aged sibling, alternatively a child or parent: 20 relatives were siblings, eight were parents, and two were children). The comparison subjects were recruited by local community advertisements. After a complete description of the study, written informed consent was obtained from all participants. The study was approved by the Local Research Ethics Committee (Addenbrooke's Hospital, Cambridge, U.K.).
During a clinical interview, the participants were assessed with the Mini-International Neuropsychiatric Interview (36), a wellvalidated instrument to screen for axis I psychiatric disorders, the Montgomery-Åsberg Depression Rating Scale (MADRS) (37) , an established measure of mood status, and the Yale-Brown Obsessive Compulsive Scale (35) , an OCD symptom severity scale. Additionally, the subjects completed the Obsessive-Compulsive Inventory (Revised) (38), a validated self-report measure assessing OCD symptoms. Verbal IQ estimates were obtained with the National Adult Reading Test (39) .
The participants were excluded if they had a history of serious head injury, substance abuse, or epilepsy or contraindications to MRI. Additionally, all participants were free from DSM-IV axis I disorders (including major depressive disorder and Tourette's syndrome), with the exception of OCD itself in probands and two probands having an additional diagnosis of panic disorder. The patients were medicated as follows: seven were unmedicated, 21 were prescribed selective serotonin reuptake inhibitors, one clomipramine, and one quetiapine. Relatives and healthy volunteers were not taking psychotropic medication.
Demographic and clinical data were analyzed for group differences using one-way analysis of variance (ANOVA) and post hoc least significant difference tests. Gender and handedness ratios for each group were analyzed with chi-square and Fisher's exact tests, respectively. Conventional MRI data from this group were reported
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MRI Acquisition
MRI was conducted with a 1.5 T GE Signa system (General Electric, Milwaukee) at the MRIS Unit, Addenbrooke's Hospital, Cambridge, U.K. Diffusion-weighted imaging data were acquired (25 directions) with the following parameters: slice thickness=4 mm, TR=12 seconds, TE=93 msec, matrix size=128×128, field of view=30×24 cm, B value 1000 seconds/mm 2 . One volume without diffusion-weighting (b=0) was also acquired. To provide a highresolution anatomical reference for normalization, axial three-dimensional T 1 -weighted images were obtained with a spoiled gradient recall sequence with the following parameters: slice thickness=2 mm, TR=33 msec, TE=3 msec, field of view=24 cm, flip angle=40°, matrix size=256×256 (total scan time ~40 minutes).
MRI Data Analysis
Diffusion tensor images were preprocessed with previously published methods, as follows. Brain tissue was extracted from the scans with the brain extraction tool in FSL (http://www. fmrib.ox.ac.uk/fsl) (40) . The diffusion tensor at each voxel was calculated using the FMRIB diffusion toolbox in FSL. The resulting fractional anisotropy images were transformed into Montreal Neurological Institute standard space with Statistical Parametric Mapping 5 (http://www.fil.ion.ucl.ac.uk.spm) (Wellcome Department of Imaging Neuroscience, London) by means of the following steps: the b=0 images were coregistered with the structural T 1 image for that individual, the same coregistration parameters were applied to the fractional anisotropy maps (in the same space as the b=0 images), each individual's T 1 image was then normalized to the SPM T 1 template (in Montreal Neurological Institute standard space), and the same normalization parameters were then applied to the coregistered fractional anistropy images. Finally, fractional anisotropy images were smoothed with an 8-mm full-width at half-maximum Gaussian kernel. A white matter mask was used to restrict the search volume for analysis to mitigate multiple comparisons corrections. This white matter mask was defined by binarising the Statistical Parametric Mapping a priori white matter template to a binary mask, i.e., thresholding each voxel at 50% white matter to define white matter regions for analysis.
Case-control between-group tests were performed on diffusion tensor images of fractional anisotropy with permutation tests implemented in camBA software (Cambridge Brain Analysis v1.3.2); (http://www-bmu.psychiatry.cam.ac.uk/software). To assess our primary hypothesis of white matter abnormalities in OCD patients in relation to healthy comparison subjects, differences between patients and comparison subjects were estimated by fitting an analysis of variance (ANOVA) model at each voxel in standard space within the white matter mask. The null hypothesis of no difference in fractional anisotropy between patients and comparison subjects (N=30 per group) was tested with permutation at the level of three-dimensional, spatially contiguous voxel clusters, as described in detail elsewhere (41, 42) . For each between-group comparison, we used probability thresholds for cluster-level testing (p<0.017), adjusted such that the average number of false positive tests was <1. Peak coordinates of clusters are reported in Montreal Neurological Institute Standard space.
To explore these fractional anisotropy abnormalities in patients and to assess our secondary hypothesis that unaffected first-degree relatives would also demonstrate significant abnormalities in these regions, we extracted the regional mean fractional anisotropy within each cluster of significant case-control difference for each individual. These data were analyzed with one-way ANOVA and post hoc least significant difference tests in SPSS for Windows V11 (SPSS, Chicago). We also tested whether symptom severity scores (Yale-Brown Obsessive Compulsive Scale, Obsessive Compulsive Inventory [Revised], MADRS) and age were correlated with fractional anisotropy and used one-way ANOVA to assess whether total gray matter, white matter, and CSF differed between groups.
Finally, a region-of-interest technique was used to explore our findings in the context of a previous whole-brain diffusion tensor imaging study of OCD that provided anatomical coordinates for abnormal fractional anisotropy regions (32) . SPM5 software was used to define spherical regions of interest (radius 15 mm) around previously reported peak coordinates (data supplement Table 1 , available at http://ajp.psychiatryonline.org) and to assess whether each of these regions defined a set of voxels (also lying within white matter, as defined by the white matter mask) in which fractional anisotropy was significantly abnormal between patients and comparison subjects in the present study. Tests for a regional difference in mean fractional anisotropy at each of the regions of interest defined by the prior literature were tested for significance with False Discovery Rate (FDR)=5%.
Although not the main focus of this study, it is interesting to consider on a whole-brain basis how first-degree relatives might differ from patients and unrelated comparison subjects to further explore state-and trait-based white matter changes in OCD. These additional analyses are reported in the data supplement. 
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Results
Demographic Data
The three groups were well-matched for age, verbal IQ, gender, and handedness ( : df=57, p=0.53). Although mean symptom scores on the MADRS were well below the level required for a diagnosis of depression in all three groups, patients had higher scores than relatives and healthy volunteers according to least significant difference tests-patients versus comparison subjects (df=58, p<0.001), patients versus relatives (df=58, p<0.001).
Diffusion Tensor Imaging of OCD Patients
Analysis of white matter anisotropy revealed a right parietal region of reduced fractional anisotropy in patients in relation to comparison subjects (Montreal Neurological Institute coordinates: 32, -36, 30; cluster size=574 voxels) and a right medial frontal region of increased fractional anisotropy in patients (Montreal Neurological Institute coordinates: 22, 20, 44; cluster size=117 voxels) (Figure 1 ).
Diffusion Tensor Imaging of First-Degree Relatives
One-way ANOVA showed a significant group effect on fractional anisotropy in both regions, with patients and relatives both demonstrating significantly reduced fractional anisotropy in relation to comparison subjects in the right parietal area and significantly increased fractional anisotropy in the right frontal area (Figure 2) . Although relatives tended to show fractional anisotropy values intermediate between comparison subjects and patients, they were more similar to patients (Table 2 ) and fractional anisotropy values for the two clusters were not significantly different between patients and relatives.
Mean regional fractional anisotropy in the medial frontal and parietal cortex was significantly correlated between regions for the patients (r=0.36, N=30, p<0.05) but not the relatives or comparison subjects (p>0.05), suggesting there may be a pathophysiologic relationship between white matter changes in these two regions in OCD patients. There was no significant correlation between abnormal fractional anisotropy findings and symptom severity scores (YaleBrown Obsessive-Compulsive Scale, Obsessive Compulsive Inventory [Revised], MADRS) in patients or relatives (p>0.05). It is unlikely that age could account for abnormal fractional anisotropy findings since there was no evidence of any correlation between age and fractional anisotropy (parietal: r=-0.04, N=90, p=0.75; frontal: r=-0.03, N=90, p= 0.79).
Diffusion Tensor Imaging Data and Region-ofInterest Analysis
Using a region-of-interest approach to examine the extent of replication between our study and previous work (32), we identified an area in our data with significantly reduced fractional anisotropy in patients in relation to comparison subjects (Montreal Neurological Institute coordinates: 30, -44, 32; t=4.32, FDR-corrected p<0.02) 
Increased fractional anisotropy in OCD patients
Decreased fractional anisotropy in OCD patients
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ajp.psychiatryonline.org lying close to a peak coordinate identified previously (Talairach coordinates: 37, -52, 35) in the right parietal lobe (32) . Assessment of the same region of interest in relatives versus comparison subjects also revealed reduced fractional anisotropy in relatives (Montreal Neurological Institute coordinates: 32, -34, 30; t=3.37); however, this did not withstand correction for multiple comparisons (FDR-corrected p=0.14). Analysis of our data in relation to the other previously identified regions, e.g., the anterior cingulate (data supplement Table 1 ), did not provide evidence for significant case-control (or relative-control) differences.
Discussion
The key hypotheses of this study were substantiated: first, abnormal white matter anisotropy was identified in OCD patients in right parietal and medial frontal areas, providing evidence for white matter abnormalities in OCD; second, these white matter abnormalities were also evident in healthy first-degree relatives of patients, suggesting they are endophenotypes, representing genetic risk for OCD. Using a region-of-interest strategy, we also compared our findings with previous literature, demonstrating that reduced fractional anisotropy in the right parietal white matter in OCD represents a replication and an important extension of previous findings (32) .
Parietal Abnormalities in OCD
Traditionally, OCD is theoretically associated with abnormalities in orbitofronto-striatal circuits (11) . However, recent evidence from computational morphometry studies of whole-brain MRI data not requiring a priori specification of regions of interest has suggested there are structural abnormalities within other, widely distributed largescale systems, including parietal and medial frontal regions (8, 21) . Additionally, formal meta-analysis of functional MRI studies of OCD indicates abnormalities in large-scale networks, again including parietal and medial frontal regions (22) . Our findings of white matter abnormalities located close to regions previously identified as structurally and functionally abnormal in OCD are intriguing and support the existence of systems-level pathology in this disorder.
Our replication of a previous finding of reduced fractional anisotropy in right parietal white matter in a larger group is also noteworthy, providing further support from diffusion tensor imaging that regions outside the orbitofrontal-striatal model are abnormal in OCD. There is considerable evidence from neuroimaging studies for parietal dysfunction in OCD (22) . For example, positron emission tomography studies of OCD have reported that, in addition to occipital frontal cortex abnormalities, reduced glucose metabolism was evident in bilateral parietal lobes (23) , that regional cerebral blood flow (rCBF) at the right temporal-parietal junction and at the left supramarginal gyrus was negatively correlated with symptom intensity (24) , and that rCBF was abnormal in several regions outside the orbitofrontal-striatal circuit, including the angular gyrus (25) . Single photon emission computed tomography and functional magnetic resonance imaging studies also indicate parietal abnormalities and abnormal activation in OCD (26, 27) . Additionally, whole-brain structural MRI studies have reported parietal gray matter abnormalities in OCD (18, 20) ; parietal abnormalities are also evident in healthy first-degree relatives of OCD patients and associated with cognitive deficits in response inhibition (8) . An event-related potential study recently revealed enhanced amplitude of the P600 at the right temporal-parietal area and ajp.psychiatryonline.org prolonged latencies at the right parietal region in OCD patients in relation to healthy comparison subjects (43) . Finally, a recent magnetic resonance spectroscopy study (44) described concentration changes of choline-containing compounds in parietal white matter but not elsewhere in the brains of OCD patients. These were correlated with OCD symptom severity and suggest phospholipid abnormalities of myelinated axons in this region (44) .
In short, there is considerable evidence for dysfunction within large-scale neural systems, including parietal areas in OCD, in addition to frontal-striatal regions more traditionally associated with the disorder. Evidence from diffusion tensor imaging studies showing parietal white matter abnormalities is compatible with these data and supportive of dysconnectivity within these systems. Additionally, cognitive studies indicate that OCD patients are impaired on visuospatial tasks that are thought to particularly involve the parietal cortex (45, 46) .
Frontal White Matter
We did not replicate previous findings of reduced fractional anisotropy in the anterior cingulate (32, 33) . However, we did identify a right medial frontal region of increased fractional anisotropy in OCD patients and relatives, situated more supero-laterally to previous findings. Possible explanations for this lack of replication may involve study design and methodological limitations, e.g., some studies were based on small samples (eight to 15 patients), including medicated patients with comorbidities. Furthermore, some studies have been reported at significance levels not fully accounting for multiple comparisons. With the massive univariate testing entailed by whole-brain imaging analysis, it is conceivable that some findings may be attributable to false positives (type I error). Additionally, limitations inherent in voxel-based techniques may account for variation between studies. The finding of increased right medial frontal fractional anisotropy in patients and relatives could be interpreted in terms of increases in myelination or increased numbers of fibers in this region (31) , potentially caused by differences during brain structure development in individuals at increased risk of OCD.
White Matter in First-Degree Relatives
The abnormal fractional anisotropy findings in OCD patients were also evident in their unaffected first-degree relatives. The endophenotype hypothesis, conceptualized over 30 years ago, defines endophenotypes as "measurable components, unseen by the unaided eye on the pathway between disease (phenotype) and distal genotype" (6) . Interest in endophenotypes has experienced recent revival, because, despite the heritability of most psychiatric disorders, years of intense efforts to discover specific causative genes have generally delivered disappointing results. Identification of endophenotypes may facilitate understanding of predisposing genes for OCD. A key criterion for identification of endophenotypes, which we have observed, is their presence in both patients and their clinically unaffected relatives at a higher rate than in the general population.
Previous studies have provided evidence for endophenotypes of OCD, including both objective cognitive measures (7) and patterns of gray matter structural abnormalities (8) . These brain structural patterns included gray matter in regions outside of the classical orbitofrontalstriatal circuit, including parietal and medial frontal regions, compatible with our findings that white matter in these regions is also abnormal. Together with this study, evidence is accumulating that there are several endophenotypes for OCD, each of which may be differentially contributed to by particular genes involved in OCD. Future work is required to further test this hypothesis and identify genes underpinning these markers of genetic risk. It is also interesting to consider the differences in fractional anisotropy that may occur between patients and first-degree relatives since these could indicate differences between state-and trait-based findings. For example, in the data supplement, we identify anisotropy differences between patients and relatives that could represent markers of disease-state and differences between relatives and unrelated comparison subjects that could represent additional trait-based findings in healthy individuals with an increased genetic risk of OCD.
Methodological Considerations
To our knowledge, this is the largest diffusion tensor imaging study of OCD to date and the first to analyze data 
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ajp.psychiatryonline.org from unaffected first-degree relatives. The study used well-matched groups and careful screening to minimize subject comorbidity and replicated some previous findings. Most patients in this study were medicated, which could affect brain structure; however, the finding that (unmedicated) relatives also displayed similar brain abnormalities helps discount this argument. Study limitations are perhaps most importantly related to methodological aspects of voxel-based analysis. For example, potential confounds may occur because of white matter tract misalignment in nonhomologous brains (47) and the use of different smoothing kernel sizes (48) . Future methodological work on diffusion tensor imaging analysis may help to resolve these issues.
Conclusions
Using diffusion tensor imaging, we identified abnormalities in OCD patients in right parietal and medial frontal white matter. For the first time, we also report that these white matter differences are evident in healthy firstdegree relatives of OCD patients, suggesting that they are white matter endophenotypes representing markers of increased genetic risk for OCD.
